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Abstract  
This thesis further investigated the production of nitrate (NO3- ) and hydrogen peroxide 
(H2O2) by non-thermal plasmas in contact with water, optimised the plasma conditions 
in the gas bubble plasma system, and studied the roles of NO3
-  and H2O2 for plant 
growth. These two reactive species generated by the plasma have potential application 
in plant biology as NO3-  may serve as an inorganic N fertilizer for plants and H2O2 
acts as a signalling molecule in numerous physiological and biochemical processes in 
plants. However, roles of these reactive species generated by plasma in plant biology 
have largely been unexplored. 
 
Two non-thermal plasma systems i.e. dielectric barrier discharge (DBD) above water 
(setup I) and gas bubble discharge in water (setup II) were employed to generate NO3
-  
and H2O2 in water for argon and air with varying treatment time. It showed that setup 
II produced NO3
-  around 1.7 times higher than that of setup I for “argon plasma”, and 
generated H2O2 around 1.8 times greater for “argon plasma” after treatment of four 
minutes. The setup II was 94% selective of NO3
-  production for “air plasma”, and 96% 
selective of H2O2 production for “argon plasma”. NO3-  in the plasma-treated water was 
relatively stable up to 120 hours, whereas H2O2 was stable up to 48 hours.  
 
The gas bubble plasma system has been optimized by varying treatment time, pulse 
frequency, electrode gap distance, and gas flow rate for the maximum production of 
NO3
-  and H2O2. The electrode gap of 10 mm, pulse frequency of 8 kHz, and gas flow 
rate of 250 standard cubic centimetre per minute (sccm) were found to be the optimum 
conditions for the maximum production of H2O2 and NO3
- . The energy efficiency was 
167 g/kWh for H2O2 (“argon plasma”), and 151 g/kWh for NO3
-  (“air plasma”) at 8 
x 
 
kHz, 10 mm gap, and 100 sccm for one minute treatment. The plasma system has been 
scaled-up to the reactor volume of 500 ml from 100 ml. The ratio of the treatment time 
and the reactor volume was found to be a parameter for the scale-up. The scaling-up 
of the plasma system is necessary for the application in agriculture. 
 
The NO3
-  and H2O2 generated by the gas bubble plasma system stimulated wheat 
seedling growth. DI water was treated by the gas bubble setup in the optimised 
conditions in a 500 ml reactor. The H2O2 and NO3− generated, respectively, in “argon” 
and “air” plasma-treated water significantly increased the growth parameters such as 
biomass, leaf length, and the relative chlorophyll content of the wheat seedlings. The 
total biomass of the seedlings grown in a potting mix after four weeks was augmented 
by 61% and 87%, respectively, for “argon” plasma-treated water and “air” plasma-
treated water compared with the control (untreated DI water). In hydroponics, the 
biomass of the seedling increased 27% and 38%, respectively, for the argon and the 
air after two weeks in comparison to the control. In the potting mix, the shoots and 
roots of the seedlings responded differently to the treated water: the biomass of shoot 
increased 33% for air plasma-treated water compared with the argon, while that of root 
increased 17% for argon plasma-treated water compared with the air. A separate 
experiment in hydroponics with chemical solutions of H2O2 and NO3− matching with 
the concentrations of the H2O2 and NO3− generated in the plasma-treated water showed 
similar stimulation of wheat seedling growth. Thus, the plasma-treated water has great 
potential for application in agriculture and especially in horticulture. 
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Chapter 1: Literature review and general introduction 
 
1.1 Non-thermal plasmas in contact with liquids 
1.1.1 What is plasma? 
The three states of matter, namely solid, liquid, and gas are well-known. Plasma is the 
fourth state of matter. When gas obtains sufficient external energy, gas atoms and 
molecules can be ionised, dissociated, excited or recombined to create a chemically 
active state that is called plasma consisting of free ions, electrons, and neutrals. Due 
to such composition, the plasma has electromagnetic, chemical, fluid and gas 
properties depending on plasma temperature, density and degree of ionization [1]. 
Plasma is present in lightning, auroras, fluorescent lamps, and plasma TVs. Plasma is 
electrically neutral i.e. the number of the positive charges is equal to the number of the 
negative charges. In general, the definition of plasma charge neutrality is correct at 
scales larger than the Debye radius and during the time scale larger than several periods 
of plasma electron oscillations.  
 
There are two types of plasma i.e. thermal and non-thermal. When neutrals and ions 
temperature are equal to the electron temperature, it is called thermal plasma. When 
the heavy plasma particles have temperature much lower than that of electron, it is 
called non-thermal plasma. The non-thermal plasmas in gases have been well studied 
and have wide applications in modern day science and technology [2]. The Moore’s 
law i.e. the number of transistors in an integrated circuit doubles approximately every 
two years was possible due to the advancement of plasma processing technologies 
such as etching and deposition.  
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1.1.2 Non-thermal plasma systems in contact with liquids 
The non-thermal plasma in contact with liquids is the interest of this thesis. The 
plasmas in contact with liquids are becoming an increasingly important topic in the 
field of plasma science and technology because of their generation of reactive oxygen 
and nitrogen species (RONS) [3-7], which are effective agents against many biological 
and chemical materials [8], making them suitable for wide applications such as 
biomedicine [9-12], environment [13], nanoscience [14], and agriculture [15-17]. 
 
A wide range of non-thermal plasma systems in contact with liquids have been studied 
to understand the physics of these discharges and plasma-induced chemistry, and to 
tailor to the specific applications [3]. These systems can be subdivided into three major 
groups such as i) direct liquid phase discharges, ii) discharges in the gas phase above 
liquid with liquid electrodes, and iii) discharges in bubbles in liquids [3]. The first 
group is basically a direct electrical breakdown of liquids, which is much more 
complicated. The liquid is denser than gases; the mean free path of electrons is shorter, 
and collision frequency is higher in liquid, which requires much more energy for 
electrical breakdown [3]. Non-thermal plasmas in direct liquids are mostly generated 
by pulsed excitation [18]. Whereas, the latter two groups are in principle gas discharge 
surrounded by liquids, where the electrical breakdown energy is much less than their 
first counterpart. These discharges can be excited by dc, pulsed or ac excitation [3]. 
These two discharges are the particular interest of this thesis. 
 
Dai et al. [19] recently developed a gas bubble plasma system using a nanosecond 
pulsed generation for efficient and selectable production of nitrate (NO3
- ) and hydrogen 
peroxide (H2O2) in water. The gas of choice fed through a hollow needle in a point-
to-plate bubble discharge enabled high selection of reactive species. The increased 
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interface reactions between the gas-plasma and water through bubbles gave high 
productivity.  H2O2 was the predominant species produced using Ar plasma, while 
predominantly NO3
-  and NO2 were generated using air plasma, in good agreement with 
the observed emission spectra. This method had nearly 100% selectivity for H2O2 and 
92% selectivity for NO3
- . This finding leads to the wide applications of plasma-treated 
water. This thesis is the further study of the work and its application in agriculture 
(“plasma agriculture”).  
 
1.1.3 The generation of RONS by plasmas in contact with liquids 
Most plasma reactions happen in gas or vapour phase. After getting energy from 
external sources, free electrons and gas molecules move and collide. The collisions 
can be broadly classified into two types: elastic and inelastic. In elastic collisions, 
momentum is redistributed between the colliding particles, but their kinetic energy 
remains almost unchanged; while in inelastic collisions momentum is redistributed and 
some fraction of initial kinetic energy is converted to internal energy of one of the 
participating particles, which leads to the dissociation, excitation or ionization [20]. 
The energy required to remove a single electron from a molecule or atom is known as 
the ionisation potential. Dissociation is to break molecules into various constituent 
parts. Table 1.1 lists energy characteristics of some atoms and molecules [4]. There is 
often a high degree of dissociation in plasmas. Dissociation products of the initial 
molecules are particularly important since they can be chemically reactive with contact 
surfaces. The typical energy of electrons is in the range of 1-3 eV in non-thermal 
plasmas in contact with liquids [4].  Therefore, in this low energy plasmas, direct 
ionization and/or direct homolytic bond breakings of H2O (which require around 12.6 
eV [4]) by election impact is less likely, and dissociation of H2O (which require around 
5.1 eV [4]) becomes dominant. 
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Table 1.1: Energy characteristics of some atoms and molecules in cold plasmas (1 
eV/mol = 96.5 kJ/mol) [4, 21, 22]. 
 
The plasma discharges in contact with water are non-equilibrium or cold plasmas i.e. 
the electron temperature is significantly higher than the ion and neutral molecule 
temperature. The ions and neutrals normally remain at ambient temperature, whereas 
electron temperature is more than 10,000 K. This condition favours the electron-
collision-dominated reactions that break molecules down to neutral and ionic products 
[14]. Subsequent ion-molecule reactions then generate additional chemical species not 
found in the initial collision. 
 
Energetic electrons formed in water vapour in liquid plasma generate a number of 
primary species through reactions such as [4]. 
e +H2O → H + OH + e 
e + H2O → 2H + O + e 
Atoms or 
Molecule 
Ionization 
Potential (eV) 
Excitation 
Energy (eV) 
Dissociation 
Energy (eV) 
O2 12.1 0 (3Σ-g) 
0.98 (fΔg) 
1.63 (3Σ-g) 
5.2 
N2 15.7 0 
6.2 (A3Σ+u) 
7.2 (B3Πg) 
11.2 (C3Πg) 
9.8 
H2O 12.6 0 (X1A1) 
7.4 (A1B1) 
8.9 (3A2) 
9.1 (1A2) 
5.1 
O 13.6 - - 
N 14.5 - - 
Ar 15.75 (Ar I) 
27.62 (Ar II) 
0 
11.55 (4s[3/2]2) 
12.90 (4p[1/2]1) 
13.07 (4p[5/2]3) 
- 
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e + H2O → H2O+ + 2e 
e + O2 → -O2 
The primary species in the vapour phase then react with one another to generate 
secondary species such as [4]. 
OH + OH + M → H2O2 + M     [M= third body (H2O vapour)] 
O + O + M → O2 + M 
O + O2 + M → O3 + M 
N2 + O2 + M → 2NO + M 
2NO + O2 + M → 2NO2 +M 
NO + OH + M → HNO2 + M 
NO2 + OH + M → HNO3 + M 
 
Various reactive oxygen and nitrogen species generated in contact water are listed in 
Table 1.2 [23]. The most stable reactive oxygen and nitrogen species generated by 
plasma discharges in water are hydrogen peroxide and nitrate ions. 
 
Table 1.2: List of various reactive oxygen and nitrogen species generated in and in 
contact with water [23]. 
 Radical Non-radical 
Reactive oxygen species 
(ROS) 
Super oxide anion, -O2 
Hydroxyl, OH 
Singlet, 1O2 
Hydrogen peroxide, H2O2 
Ozone, O3 
Peroxynitrite, ONOO- 
Peroxynitrate, O2NOO- 
Peroxynitrous acid, 
ONOOH 
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Reactive nitrogen species 
(RNS) 
Nitric oxide, NO 
Nitrogen dioxide, NO2 
Nitrate radical, NO3 
Nitrous acid, HNO2 
Nitric acid, HNO3 
 
 
1.1.4 The roles of RONS in contact with liquids 
Locke et al. extensively reviewed liquid plasmas for water treatment [5]. They 
observed that the RONS, UV and shock waves generated in water by high-voltage 
electric discharges have been shown to rapidly and efficiently degrade many organic 
compounds including phenols, trichloroethylene, polychlorinated biphenyl, 
perchloroethylene and pentachlorophenol, acetophenone, organic dyes (such as 
methylene blue), aniline, antraquinone, monochlorophenols , methyl tert-butyl ether 
(MTBE) , benzene, toluene, ethyl benzene (BTEX), 2,4,6-trinitrotoluene, 4-
chlorophenol, and 3,4-dichloroaniline. They also proposed mechanisms for how 
plasmas clean water or degrade wastes in liquid. Waste components in water can either 
be directly degraded by the discharge (e.g. pyrolysis reaction and direct electron 
collisions) or they can be degraded indirectly through reactions with one or more of 
the primary and secondary molecular, ionic, or radical species produced by the 
discharge. 
 
Plasma sterilization is one of the oldest and established applications in plasma 
medicine. Bacterial inactivation has been thoroughly reported in the literature with 
both low-pressure and atmospheric sources [8-12]. There are two ways to inactivate 
bacteria: direct and indirect. The first involves exposure to the active plasma which is 
in direct contact with the surface. In this arrangement the short-lived species have the 
highest chance to reach the surface. Indirect exposure is afterglow or post-discharge 
treatment, where short lived species are unable to reach the treated surface. Direct 
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treatment is commonly acknowledged as the most effective method for sterilisation 
[24]. Inactivation of bacteria largely occurs due to the chemical erosion (e.g. damage 
to cell wall or to spore coat in case of spore deactivation) caused by RONS generated 
by plasmas [9]. 
 
It has recently been demonstrated that bacteria in aqueous solution can also be 
inactivated by a cold atmospheric-pressure air plasma microjet [25]. It was reported 
that Bacillus subtilis spores suspended in distilled water were effectively inactivated 
within 6 min. Short lived species such as OH, -O2 and O2 (1Δg) detected in the plasma 
water are considered to be the most important agents in the activation process. Ikawa 
et al. studied the effects of pH on bacterial inactivation in plasma treated aqueous 
solution [26]. They reported that there is a critical pH value of about 4.7 for bactericidal 
effects, below which the bacteria were efficiently inactivated and above which the 
bacteria were hardly affected by the plasma treatment. They applied plasma discharges 
indirectly to the bacterium surface; hence ruling out the effects of UV and heat for 
bacterial inactivation and suggested the roles of the RONS generated in the solution 
via plasma-liquid interaction for bactericidal effects. 
 
1.2 The RONS in plant biology 
The RONS have a multifaceted role in plant biology being involved in signalling, 
defence and growth [26-34]. They have been known for or suspected of the potential 
for damaging effects for both plants and animals for decades, but it is now evident that 
they play therapeutic roles if their concentrations are in the right balance [35]. A recent 
review by Foyer et al. [30] has extensively explored the roles of reactive oxygen 
species (ROS) in cellular redox homeostasis, which control of plant metabolism, 
growth and development, acclimation as well as cell suicide events. 
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1.2.1 The generation of RONS in plants 
Oxygen is reduced by NADPH oxidase to superoxide anion. It then can be further 
converted into hydrogen peroxide (H2O2) spontaneously or enzymatically (i.e. via 
superoxide dismutase [36], oxalate oxidase [37] or diamine oxidase [38]). H2O2 can 
be further converted to hydroxyl radial via the Fenton reaction. Figure 1.1 presented 
the transformation of oxygen, superoxide anion, and hydrogen peroxide and hydroxyl 
radicals in plants.   
Figure 1.1: Hydrogen peroxide generation in plant cells. 
 
Nitric oxide (NO) is in the heart of reactive nitrogen species in plants [31, 39-40]. 
Various enzymatic and non-enzymatic pathways for generating and removing nitric 
oxide in plant cells are shown in figure 1.2 [31]. 
 
 
Figure 1.2: Nitric oxide (NO) (a) production and (b) removal in plants [30]. 
 
 
(a) (b) 
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1.2.2 The roles of endogenous RONS in plants 
The RONS are emerging as important regulators of plant growth and development. 
There is now ample evidence that suggests spatial regulation of RONS production can 
regulate cell growth and cell elongation. For example, Foreman et al. [31] reported 
that in Arabidopsis thaliana RONS produced by NADPH oxidase regulate root cell 
expansion through the activation of Ca2+ channels. Ca2+ influx from the extracellular 
space is required for cell elongation in roots [39]. Arabidopsis thaliana rhd2 (root hair 
defective) mutants have short root hairs and stunted roots [42] due to defective Ca2+ 
uptake. Forman et al. [27] showed that RHD2 is an NADPH oxidase, a protein that 
transfers electrons from NADPH to electron acceptors to form superoxide anions 
(O-2), which are subsequently converted to hydrogen peroxide (H2O2). They observed 
that treatment of rhd2 roots with RONS partly suppressed the mutant phenotype 
activating Ca2+ channels indicating the involvement of RONS in regulating plant cell 
growth. 
 
The cell wall is an important factor for cell elongation. Loosening the cell wall is 
necessary to expand the cells. Liszkay et al. [43] reported that hydroxyl radicals (°OH) 
produced in maize (Zea mays) roots have a role in cell wall loosening and cell 
elongation. They observed that -°OH is produced in the growing zone of the roots. The 
generation of °OH in the growing zone causes cell wall loosening and inhibition of 
endogenous °OH formation leads to suppression of elongation growth. Figure 1.3 
(following [44]) explains the versatile roles played by H2O2. Accumulation of H2O2 
in plant cells occurs due to normal metabolic process, abiotic and biotic stress and in 
response to pathogens. When the concentration of H2O2 is in the normal range it acts 
as a second messenger regulating the action of phyto-hormones such as salicylic acid, 
jasmonic acid, abscisic acid and ethylene for plant growth and development. At higher 
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concentration hydrogen peroxide can induce oxidative stress by inducing 
hypersensitive response to kill pathogens.  
 
Figure 1.3: Roles of hydrogen peroxide (H2O2) in growth and development [44]. 
Endogenous H2O2 accumulation during normal metabolism (photosynthesis, 
respiration, growth) and various abiotic and biotic stresses. Excess H2O2 can induce 
oxidative stress injuring plant cell while at normal concentration H2O2 acts as a second 
messenger and functions with important signal molecules. They work together and 
regulate plant growth and development. 
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1.2.3 Effects of exogenous RONS in plants 
The most stable RONS in water are nitrate (NO3
- ) and hydrogen peroxide (H2O2). NO3
-  
is the most abundant source of N that is available in cultivated soils in a range of 1-20 
mM [45]. Upon uptake, it is assimilated into amino acid either in root or shoot through 
different enzymatic processes (figure 1.4). N deficient plants are stunted with narrow 
leaves. N deficiency causes chlorosis, beginning in the older leaves as N is remobilised 
to younger leaves [45]. 
 
 
Figure 1.4: The assimilation of nitrogen in higher plants. The main enzymes involved 
are NR=nitrate reductase, NiR=nitrite reductase, Nase=nitrogenase, GS=glutamine 
synthetase, GOGAT=glutamate synthase. 
 
NO3
-  is not only a major N source for nutrition of plants, but also acts a signal to 
regulate plant metabolism and development [46-47]. Nitrate as a signalling molecule 
can break seed dormancy in Arabidopsis [48], induce leaf expansion [49] and 
coordinate the expression of nitrate-related genes [50]. 
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Recently, exogenous H2O2 treatment of plants has been studied. As it is a signalling 
molecule of any living system and mediates many physiological processes in plants, 
exogenous H2O2 could regulate endogenous H2O2. Barba-Espin et al. demonstrated 
that exogenous H2O2 increases the germination of pea seeds, as well as the growth of 
seedlings [29]. They also showed that H2O2 induced proteins (14-3-3, TCTP, 
proteasome etc.), were related to plant signalling and development, cell elongation and 
division, and cell cycle control. Exogenous application of H2O2 provided a more 
vigorous root system and increased seedlings growth [51] and induced salt stress 
tolerance [52] in wheat. Le et al. [53] observed that with the exogenous H2O2 supply 
in wheat, the production rate of superoxide anion (O-2) and malondialdehyde (MDA) 
decreased and the activity of superoxide dismutase (SOD) decreased in response to 
salt stress. The content of MDA, a product of lipid peroxidation, has been considered 
as an indicator of oxidative damage [54]. Fedina et al. reported that MDA and 
endogenous H2O2 concentration was significantly deceased in barley seedlings under 
salt stress by pre-treatment of 1μM H2O2 [55].  
 
1.3 Applications of non-thermal plasmas in plant biology 
Plasma treatment of living tissue has become increasingly important in medical 
science due to its capability of bacterial inactivation and non-inflammatory tissue 
modification which makes it an attractive tool for wound healing, treatment of skin 
diseases and dental caries [8]. However, application of plasmas in plant biology 
(“plasma agriculture”) has largely been unexplored. Some studies have attempted to 
understand plasma effects on seed germination and early growth of seedlings by 
treating seeds mainly by gas plasma [56].  Only few studies have investigated plant 
seedling growth using plasma-treated water. Evidence to date suggests that some 
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effects on plants of both gas and liquid plasmas can be seen and they will be discussed 
in the following sections. 
 
1.3.1 Wettability, germination, growth and enzyme activity 
Seeds have been treated by cold gas plasma to study the effects on wetting properties, 
germination [56], growth [57-59] and enzyme activity [60]. Bormashenko et al. [61] 
reported that 15 seconds to two minutes of plasma treatment (air, 10 MHz, 20 W,0.067 
Pa) increased wettability of lentil and bean seeds, decreasing the contact angle from 
127° to 20° for lentil seeds, and from 98° to 53° for bean seeds. They attributed the 
increased wettability to oxidation and nitration of the seed surface by the plasma 
treatment.  
 
Seed germination depends on many factors such as water, oxygen, temperature and 
light [58]. The effect of physical factors like plasma treatment depends on the type of 
seed. For example, germination was increased for wheat [57-58] and lentils [60], and 
decreased for oats [58] by cold plasma treatment (air, 500 W, 140 Pa). Sera et al. [58] 
speculated that direct treatment of the seed coat and influence on cells inside the seed 
due to plasma treatment were behind the seed germination. By measuring phenolic 
compounds in the seedlings they also concluded that plasma radicals penetrated into 
the caryopses and affected the metabolic processes. 
 
 Cold gas plasma treatment of seeds not only effects germination rate but also post-
germination growth of seedlings. Heneselova et al. [60] investigated growth, anatomy 
and enzyme activity changes in maize roots induced by treatments of seeds with gas 
plasma (Diffuse coplanar surface barrier discharge, air, atmospheric pressure, 14 kHz, 
10 kV, 100 W/cm3). 
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1.3.2 Seedling growth by plasma-treated water  
Growing plants with plasma-treated water is a very recent concept and only three 
preliminary studies [15-17] have been reported. The very first study was conducted by 
Takaki et al. [15]. Drainage water was irradiated by a magnetic compression type pulse 
power generator to produce an underwater discharge with repetition rate of 250 pps. 
This plasma-treated water was then recycled to irrigate plants (Brassica rapa var. 
perviridis). The plants were cultivated in a pot filled with 93 g of artificial soil. The 
artificial soil consisted of expanded vermiculite and loamy soil mixed at a rate of 1:2. 
Chicken droppings (1 g) were placed on the soil as a fertilizer. Distilled water was 
used to feed the plants. A portion of the water was recycled from a tank placed under 
the pot. This water was treated by plasma discharge. The seedlings were cultivated for 
three days at 25 °C in a dark room after sowing. The three seedling were then placed 
in a pot and cultivated for 28 days in a room (~ 20 °C) near windows. Dry weight and 
leaf length of the seedlings were measured and found to be significantly higher in 
plasma water compared to the control. The seedling growth was also increased with 
increasing plasma irradiation time.  
 
Park et al. [16] investigated three different types of plasma-treated water, generated 
by underwater spark discharge, transferred arc discharge and gliding arc discharge 
(plasmatron) on plants such as watermelon, zinnia, alfalfa and pole beans. The growth 
of radish, tomato and banana pepper plants using gliding arc discharge plasma water 
was also investigated. Plants were grown in 4×4 starter pots with 0.2 kg of soil (type 
of soil unknown). All plant samples were given 30 ml of their respective water types 
every two days. Light from 8am to 6pm was used. Pesticide and fertilizer were 
compared to plasma treated water. It was observed that alfalfa and zinnia grew better 
with tap water treated with the plasmatron system. No significant difference was found 
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with distilled water. However, watermelon plants grew best with spring and tap water 
treated by underwater spark discharge. Based on these results, radishes, tomatoes and 
banana peppers with different water such as spring water, plasma (Plasmatron), 
fertilizer, fertilizer + pesticider and plasma + fertilizer were also grown. For radishes 
no significant difference of growth parameters with different treated water was found. 
For banana peppers, stems were longer in the case of plasma, plasma-fertilizer, and 
fertilizer-pesticide compared to the control. The combination of plasma water and 
fertilizer was best for tomato growth. Although this study showed ‘promising’ results 
for plant growth with plasma water, it could have been more systematic. The 
methodology was not clear. For example, root and stem weight was measured but it 
was not clear whether fresh weight or dry weight was measured. It was not mentioned 
how constant temperature for plant growth was maintained as plants were not grown 
in a growth cabinet. The kind of soil used for this study was not mentioned. The pH is 
an important factor for plant growth and plasma water is acidic, but the pH of the soil 
after adding plasma water was not reported. No statistical analysis to quantify the 
significance of any difference was reported. 
 
These studies assumed that reactive nitrogen species generated in plasma-treated water 
were responsible for plant growth. They did not take into account the role of H2O2, a 
very important species for plant growth, also generated in plasma water.  They also 
did not take into consideration the pH of plasma water as they grew plants in soil for 
which pH was unknown. Growing the plants in soil makes it complex to understand 
the exact roles of plasma species for plant growth because the soil could have different 
nutrients and it could be alkaline which would compensate the acidic nature of plasma 
water. 
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1.4 Research challenges and thesis outlines 
1.4.1 Research challenges 
There are two major challenges that remain in the field of “plasma agriculture”: one is 
to elucidate the real impact of the plasma-treated water on plant growth and the other 
one is to determine the key reactive species in plasma-treated water for plant growth. 
 
1.4.2 Thesis outlines 
In chapter two, two non-thermal plasma systems i.e. dielectric barrier discharge (DBD) 
above water (setup I) and gas bubble discharge in water (setup II) were further studied 
for the production of NO3
-  and H2O2 in water for argon and air gases with varying 
treatment time for the purpose of the treated water to be used in agriculture. These two 
setups were compared on the basis of their production of NO3
-  and H2O2. The pH and 
conductivity of the plasma-treated water were observed, and the stability of NO3
-  and 
H2O2 in the plasma-treated water was monitored. 
 
In chapter three, the gas bubble discharge system (setup II) has been optimized for the 
maximum production of NO3
-  and H2O2 in water. The plasma conditions in the setup 
II were optimized by varying treatment time, pulse frequency, electrode gap distance, 
and gas flow rate. The energy efficiency for each of these species was calculated at the 
optimized conditions. The system has been scaled-up to the reactor volume of 500 ml 
from 100 ml. 
 
In chapter four, the effects of plasma-treated water on plant seedling growth and the 
key species in the plasma-treated water for plant growth were studied. The stimulation 
of wheat seedling growth by using plasma-treated water was reported. The biomass 
(root and shoot), leaf length, and the relative chlorophyll content were observed for 
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the growth parameters. Wheat seedlings were grown in both potting mix and soil-free 
plant growth system (SPS) in growth cabinet at controlled conditions to understand 
the effects of plasma-treated water. The wheat seedlings were also grown with 
chemical solutions of H2O2 and NO3− in SPS to determine the key species in the 
plasma-treated water.  
 
In chapter five, general discussion, conclusion and future work are presented. 
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Chapter 2: Generation of nitrate and hydrogen peroxide by non-
thermal plasmas in contact with water 
 
This chapter is partly based on the discoveries reported in the publication: Dai X J, 
Corr C S, Ponraj S B, Maniruzzaman M, Ambujaksan A T, Chen Z, Kviz L, R. 
Lovett, Rajmohan G D, de Celis D R, Wright M L, Lamb P R, Krasik Y E, Graves D 
B, Graham W G, d’Agostino R, Wang X (2016) Efficient and Selectable Production 
of Reactive Species Using a Nanosecond Pulsed Discharge in Gas Bubbles in Liquid. 
Plasma Process Polym 13:306-310 
 
In this chapter, MM carried out all experiments, collected and analysed all the data 
except for figure 2.8 and 2.9 which are derived from the aforementioned publication. 
 
Abstract 
Two non-thermal plasma systems i.e. dielectric barrier discharge (DBD) above water 
(setup I) and gas bubble plasma discharge in water (setup II) were employed to 
generate NO3
-  and H2O2 in water for argon and air with varying treatment time. It is 
shown that setup II produced NO3
-  around 1.7 times higher than that of setup I for 
“argon plasma”, and generated H2O2 around 1.8 times greater for “argon plasma” after 
four minutes treatment. The setup II was 94% selective of NO3
-  production for “air 
plasma”, and 96% selective of H2O2 production for “argon plasma”. NO3-  in the 
plasma-treated water was relatively stable up to 120 hours, whereas H2O2 was stable 
up to 48 hours.  
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2.1 Introduction 
In 1903 the Norwegian team of Birkeland and Eyde employed thermal plasma to 
produce nitrate from air, a mimicry of natural of way (lightning) of nitrogen fixation 
[62]. Here thermal plasma is defined as a plasma with thermal equilibrium between 
ions, electrons and neutrals. Their process was inefficient because of the intense energy 
requirement and hence replaced by the Haber-Bosch (HB) process, a catalytic process 
of combining H2 and N2 into NH3. Around half of the world population is alive today 
due to the enhanced crop production by the N-base fertilizers generated from HB 
method [63]. However, there are environmental issues with this process. Moreover, 
inefficient N-fertilizer use is also a problem. Ingels et al. [63] suggested that air plasma 
could potentially increase N-use efficiency by treating N-containing organic waste, 
producing high-value organic fertilizer.  Recently the generation of nitrate in aqueous 
solution by non-thermal plasmas has also gained much attention due to its renewed 
potential application in agriculture [15-17]. Takaki et al. investigated the growth rate 
of plants treated with underwater discharges [15]. Park et al. employed submerged 
spark discharge, transferred gliding arc discharge, and gliding arc plasmatron to 
generate nitrate in water for various plant growth [16]. Lindsay et al. used atmospheric 
pressure glow discharges to generate nitrate in water for fertilization of radishes, 
tomatoes, and marigolds [17]. Stimulation of wheat seedling growth by nitrate and 
hydrogen peroxide generated by non-thermal plasmas in contact with water is 
demonstrated in chapter four. The century old idea of N2 fixing to NO3− by plasma 
holds a new promise.  
   
Non-thermal plasmas in contact with liquid can generate intense UV radiation, shock 
waves, and reactive oxygen and nitrogen species (RONS), which are effective agents 
against many biological and chemical materials, making it suitable for 
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decontamination and sterilization [8-12]. Nitrate (NO3−) and hydrogen peroxide 
(H2O2) are the two more stable liquid phase RONS generated by plasma. Locke and 
Shih recently reviewed hydrogen peroxide production in various electrical discharges 
with liquid water [13]. They reported that the H2O2 production by plasma from water 
varied significantly depending on the discharge setups and plasma-liquid interface. 
The amount of H2O2 produced by plasma discharges has been considered as an 
indicator of hydroxyl radical production [13]. In addition, formation of molecular H2 
and O2 can be correlated to H2O2 in some plasma systems. Moreover, H2O2 has a 
significant potential for commercial applications in chemical/environmental and 
disinfection process [13].  
 
Various plasma discharge set-ups, such as i) direct liquid phase discharges, ii) 
discharges in the gas phase above liquid with liquid electrodes, and iii) discharges in 
bubbles in liquid, and their effects on nitrate and hydrogen peroxide generation have 
been studied to understand the physics of the discharges and the plasma-induced 
chemistry [3-5, 24, 64]. Due to ~ 103 time’s larger density, water discharges require 
significantly (E ~ 200 kV/cm) stronger electric field than gas discharges (E ~ 30 
kV/cm). Although the chemistry of NO3− and H2O2 is well-known, their efficient, 
and/or selectable production by plasma discharges in contact with liquids remains a 
key challenge.  Dai et al. [19] recently developed a gas bubble plasma discharge using 
a nanosecond pulsed generation for efficient and selectable production of nitrate (NO3
- ) 
and hydrogen peroxide (H2O2) in water. This chapter further investigated NO3− and 
H2O2 generation in two plasma setups: (I) discharges in gas phase above water and 
(II) discharges in bubble in water, described in subsequent sections, with argon and air 
as working gases. The plasma parameters such as breakdown voltage and frequency, 
gas flow rate, and electrode gap were unchanged to compare the production and 
21 
 
selectivity of the species generated in both setups with varying treatment time and the 
working gas. The pH, conductivity, and H2O2, NO3− and nitrite concentration were 
measured, and their stability after plasma treatment of water was also observed.  
 
2.2 Materials and methods 
2.2.1 Plasma setups 
The schematic of plasma setups is shown in figure 2.1. The setup I (figure 2.1a) was 
gas discharge above water. It consisted of 50 mm diameter spiral top electrode covered 
by glass (2 mm above the water surface) with the same sized gas showerhead 10 mm 
above the electrode. The spiral electrode with gas showerhead was designed to 
increase the area of the interface between gas discharge and water. The bottom mesh 
electrode of stainless streel (316) was in the water. The setup II is shown in figure 2.1b. 
The setup had a hollow needle in a point-to-plate (mesh) electrode assembly with the 
gas flowing through the needle. The inner diameter of the needle was 0.44 mm. For 
both setups, plasma was generated by a nanosecond high voltage pulse generator FPM 
15-10MC2 (FID GmbH, Germany). It can generate positive and negatives pulses with 
the maximum amplitude of up +/- 15 kV into 75 Ω, rise time of 2 ns and the duration 
of about 10 ns at 90% of maximum voltage. Here, I used +9 kV which was applied to 
the anode mesh electrode and -9 kV which was applied to the cathode needle or spiral 
electrode. Either argon (inert gas) or air was used as a working gas. Gas flow rate was 
100 standard cubic centimetres per minute (sccm) and the volume of deionized water 
was 100 ml. The pulse frequency was fixed at 4 kHz, while treatment time was varied 
for each setup. 
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Figure 2.1: Schematic of plasma setups: (a) setup I (discharges above water) and (b) 
setup II (gas bubble discharges). 
 
2.2.2 Plasma diagnostics 
An ICCD camera was used to capture the formation of the plasma discharge, and a 
spectrometer to obtain visible emission spectra. The voltage applied across the 
electrode gap was measured using a high-voltage probe (Tektronix, P6015A) 
connected to the upper electrode, while the current was measured using an IonPhysics 
current probe across a 50 ohm termination. 
 
2.2.3 The reactive species measurements 
The pH and conductivity  
The pH and conductivity of plasma-treated DI water were directly measured by a TPS 
WP-81 pH-conductivity meter. The meter was calibrated before each measurement. 
 
Hydrogen peroxide assay 
The concentration H2O2 in plasma-treated water was measured using a colorimetric 
assay [63]. Sodium azide (NaN3) was purchased from Sigma-Aldrich to prepare 
60mM sodium azide aqueous solution. 25g titanium oxysulfate (TiOSO4) from Sigma-
Aldrich was dissolved in 1L 2M sulphuric acid to get TiSO4 reagent solution. The 
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reagent was stored in a cool, dark place and remained stable for four months. 200 μl 
of sodium azide solution was added to 2 ml of plasma water followed by 1 ml of TiSO4 
reagent solution. A yellow colour indicated the presence of H2O2 in the plasma-treated 
water and the absorbance of the solution was measured at 407 nm by UV-vis 
spectrophotometry. In parallel, standard H2O2 solutions were prepared and absorbance 
of these solutions at 407 nm was measured. After that, H2O2 calibration curve was 
potted and shown in figure 2.2. The concentration of H2O2 in the plasma water was 
measured with reference to the calibration curve. 
Figure 2.2: Hydrogen peroxide calibration curve 
 
Nitrate and nitrite measurement 
Nitrate and nitrite concentrations in plasma-treated water were measured by 
photometric assay using a commercially available test kits (Spectroquant NOVA 60, 
Merck). The reagent 2, 6-dimethylphenol was added to plasma-treated water. After 10 
minutes of reaction, it made 4-nitro-2, 6-dimethylphenol, an orange coloured product, 
whose absorption was measured at 340 nm. On other hand, nitrite reacted with sulfonic 
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acid and N-(1naphthyl)-ethylene diamine hydro-chloride to produce a magenta 
coloured azo dye, whose absorption at 525 nm was measured. 
 
2.3 Results and discussion 
2.3.1 The pH and conductivity of plasma-treated water 
Figure 2.3 showed the pH values of plasma-treated water in setup I & II with varying 
treatment time for both argon and air plasma. In setup II, pH was drastically decreased 
to 3.89 just after 30 seconds treatment for “air plasma”, and continued to decrease to 
2.85 after four minutes treatment. Whereas, for “argon plasma” pH was slightly 
decreased to 4.01 after four minute treatment in setup II. In setup I, the pH values for 
both “air plasma” (3.25) and “argon plasma” (3.75) were moderately decreased after 
four minutes treatment. The lower pH value for “air plasma” in setup II is attributed to 
the increased generation of nitrogen reactive species [4]. 
 
 
Figure 2.3: The pH of the plasma-treated water in setup I & II for argon and air gases 
with varying treatment time. Voltage=18 kV, Frequency=4 kHz, Gas flow rate= 100 
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sccm, Electrode gap=10 mm, Reactor volume=100 ml. Error bar shows standard 
deviation. Number of replicates, n=3. 
 
The conductivity of the plasma-treated water for both setup I and II with varying 
treatment time was shown in figure 2.4. In setup II, the conductivity was highly 
increased up to 489 μS/m for “air plasma”, while for “argon plasma” in set up II, it 
was slightly increased up 33.1 μS/m, which was similar to that for “argon plasma” in 
setup I. For “air plasma” in setup I, it was 82.5 μS/m, which was 5.9 times lower than 
that of “air plasma” in setup II. The highest conductivity for “air plasma” in setup II 
was matched with the lowest pH for “air plasma” in setup II as both these parameters 
are correlated. 
 
 
Figure 2.4: The conductivity of the plasma-treated water in setup I & II for argon and 
air gases with varying treatment time. Voltage=18 kV, Frequency=4 kHz, Gas flow 
rate= 100 sccm, Electrode gap=10 mm, Reactor volume=100 ml. Error bar shows 
standard deviation. Number of replicates, n=3. 
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2.3.2 Generation of reactive species in plasma-treated water 
The generation of H2O2 in the plasma-treated water with varying treatment time up to 
four minutes was shown in figure 2.5. In setup II, the concentration of H2O2 was 
greatly increased up to 73.5 ppm after four minutes treatment for “argon plasma”, 
however it was only 3 ppm for “air plasma” after four minutes treatment. In setup I, 
the H2O2 production increased up to 40.2 ppm and 18.3 ppm, respectively for “argon 
plasma” and “air plasma” after four minutes treatment. Thus, H2O2 generation was 
around 1.8 times higher in setup II compared to setup I for “argon plasma”. The setup 
II showed better selectivity of H2O2 production compared to the setup I.  
 
 
Figure 2.5: H2O2 generation in the plasma-treated water by setup I & II for argon and 
air gases with varying treatment time. Voltage=18 kV, Frequency=4 kHz, Gas flow 
rate= 100 sccm, Electrode gap=10 mm, Reactor volume=100 ml. Error bar shows 
standard deviation. Number of replicates, n=3. 
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The NO3
-  production highly increased up to 71.7 ppm after four minutes treatment for 
“air plasma” in setup II, while for “argon plasma” its production was only 4 ppm after 
four minutes as shown in figure 2.6. In setup I, NO3
-  production was 30.2 ppm and 42.3 
ppm, respectively for “argon plasma” and “air plasma” after four minutes treatment. 
Hence, NO3
-  production was around 1.7 times higher in setup II compared to setup I 
for “air plasma”. The setup II had better selectivity of NO3
-  production compared to 
the setup I.  
 
 
Figure 2.6: NO3
-  generation in the plasma-treated water by setup I & II for argon and 
air gases with varying treatment time. Voltage=18 kV, Frequency=4 kHz, Gas flow 
rate= 100 sccm, Electrode gap=10 mm, Reactor volume=100 ml. Error bar shows 
standard deviation. Number of replicates, n=3. 
 
Nitrite generation like NO3
-  greatly increased up to 42.2 ppm for “air plasma” in setup 
II after four minutes of treatment, but for “argon plasma” it was negligible at 1.13 ppm 
as shown in figure 2.7. Whereas in setup I, nitrite production was 10.13 and 6.4 ppm, 
respectively for “air plasma” and “argon plasma”.  
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Figure 2.7: Nitrite generation in the plasma-treated water by setup I & II for argon and 
air gases with varying treatment time. Voltage=18 kV, Frequency=4 kHz, Gas flow 
rate= 100 sccm, Electrode gap=10 mm, Reactor volume=100 ml. Error bar shows 
standard deviation. Number of replicates, n=3. 
 
2.3.3 Mechanisms of reactive species generation in plasma-treated water 
Hydrogen peroxide, nitrate, and nitrite generation mechanisms are complex and 
involve a number of intermediates and short-lived reactive species [4, 67]. The reaction 
between water molecules and high energy electrons generated by plasma discharges 
depends on the electron energy distribution function. The typical electron energy range 
is 1-3 eV at atmospheric pressure for non-thermal plasmas [4], and it was assumed that 
in the setups I and II the electron energy distribution was similar.  In this low energy, 
direct ionization and/or direct homolytic bond breakings (which require around 9 eV 
[4]) by election impact is less likely, and excitation reactions become important [68].  
 
In setup II, when argon was used as a working gas, the most reactive species in the 
plasma (energetic electrons, excited Ar atoms and ions, UV radiation) interacted with 
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water to generate mostly H2O2. The water molecule first underwent excitation 
(reaction 1) by low energy electrons [68]. Then hydroxyl radicals are formed by the 
vibrational excitation reaction (reaction 2) for electron energy up to 1 eV and by the 
dissociative attachment for electron energy between 1.5 and 4 eV (reaction 3) [69]. 
H2O2 is generated by the recombination of OH radicals either in gas phase or in water 
(reaction 4). Due to the bubble movement, H2O2 molecules are rapidly transferred into 
the bulk water, which enabled higher production of H2O2 in setup II compared to the 
setup I. 
H2O + e → H2O* + e                            (1) 
H2O* + e → H + OH                            (2) 
H2O + e → H- + OH                                   (3) 
OH + OH → H2O2                                 (4) 
 
When air was used as a working gas (setup II), N2 and O2 are the parent species in 
addition to the energetic electron and UV. Firstly N and O are generated, and then they 
combine in the plasma to form nitric oxide (NO) (reactions 5, 6 & 7) in the gas phase 
[69], which rapidly reacts with oxygen to generate nitrogen dioxide (NO2) (reaction 
8). In aqueous solution, NO reacts with dissolved oxygen and yields nitrite ions 
(reaction 9) [71]. NO2 in water forms nitrate ions according to the reaction 10. Again 
due to the bubble movement, nitrogen dioxide rapidly diffuses into the bulk water so 
that a high density of nitrate ions and acid solution is achieved. 
                                 N2 + O → NO + N                                             (5) 
                                 N + O2 → NO + O                                             (6) 
                                 N + O → NO                                                      (7) 
                                 NO + O2 → NO2 + O                                          (8) 
                                 NO + O2 + H2O → 4NO2 + 4H+                            (9) 
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                                 3NO2 + 3 H2O ↔ 2NO3− + NO + 2 H3O+          (10) 
                 
Higher H2O2 generation using “argon plasma”, and higher production of NO3
-  using 
“air plasma” in setup II were in good agreement with the observed optical emission 
spectra of setup II shown in figure 2.8 [19]. It showed that “argon plasma” generated 
a high density of hydrogen and oxygen species, whereas the “air plasma” spectrum 
was dominated by the second positive band of nitrogen between 300 and 400 nm. 
These results strongly supported the higher selectivity of the setup II.  
 
 
Figure 2.8: Optical emission spectra of “argon” and “air” plasma in setup II [19]. 
 
The size of the bubbles might have a role in higher production of reactive species in 
setup II. For this reason, size of the bubble in setup II was measured by PIMAX 4 
ICCD camera with 3 ns frame duration and 3 ns gate delay with respect to the 
beginning of the applied voltage and shown in figure 2.9 [19]. The diameter of the 
bubbles prior to plasma initiation was about 2-3 mm. However, the bubble size 
decreased to around 0.5 mm when pulsed voltage was applied. This may be due to the 
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enhancement of the electric field at the tip of the needle electrode causing non-uniform 
water polarization. This results in “squeezing” of the gas bubbles leading them to break 
up into smaller bubbles [72]. The smaller and the high density of bubbles in water 
facilitated the larger the surface area of the gas-water interface reaction for a given 
volume. This enhanced the interface reactions which contributed to higher production 
of hydrogen peroxide and nitrate in setup II. In addition, bubble movement also 
facilitated higher production. 
 
 
Figure 2.9:  Black and white and corresponding colour image of the plasma bubbles 
at 4 kHz at 19 ns in “argon plasma” in setup II [19]. 
 
Table 2.1 presented a comparisons between setup I and setup II. The setup II was 94% 
selective of NO3
-  production for “air plasma”, and 96% selective of H2O2 production 
for “argon plasma”. In setup I for “air plasma”, H2O2 production might result from 
ozone decomposition which allows additional source for OH free radicals to form 
H2O2. These could contribute to the poorer selectivity of setup I. In setup I for “argon” 
plasma, NO3
-  production is most likely to be from residual air still present in the setup. 
The lower production of the reactive species of setup I could also be explained by the 
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reduced interface between gas plasma and water. The species generated in the gas 
plasma of setup I might also have recombined before diffusing into the water [19]. 
 
Table 2.1: Comparison between setup I and setup II for the production of H2O2 and 
NO3
-  in plasma-treated water in argon and air plasma. Treatment time= 4 minutes, 
Voltage=18 kV, Frequency=4 kHz, Gas flow rate= 100 sccm, Electrode gap=10 mm, 
Reactor volume=100 ml.  
 
Gas              H2O2 (ppm) NO3
-  (ppm) 
Setup I Setup II Setup I Setup II 
Ar 40.2 73.5 30.2 4 
Air 18.3 3 42.3 71.7 
 
 
2.3.4 Stability of the reactive species generated in the plasma-treated water 
The stability of H2O2, NO3
- , and NO2-  generated in the plasma-treated water has been 
crucial for their applications in agriculture. Therefore, their stability in the plasma-
treated water has been studied up to 120 hours. H2O2 concentration decreased around 
13% after 48 hours of storage in setup 2 for “argon plasma” as shown in figure 2.10. 
After that, the concentration continued to fall around 60% in 120 hours. In setup I for 
“argon plasma”, H2O2 concentration fell around 14% after 48 hours, and 73% after 
120 hours. Therefore, if plasma-treated water containing H2O2 is used to treat plants, 
the treated water will need to be changed in every 48 hours or less as its H2O2 
concentration is not stable for more than 48 hours. Many factors affect the stability of 
H2O2 in liquid such as temperature, UV light, pH, conductivity and ozone [66]. Over 
time it might be converted into water. 
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Figure 2.10: The stability of H2O2 in plasma-treated water in setup I and II with 
storage time up to 120 hours. Voltage=18 kV, Frequency=4 kHz, Gas flow rate= 100 
sccm, Electrode gap=10 mm, Reactor volume=100 ml. Treatment time= 2 minutes, 
Error bar shows standard deviation. Number of replicates, n=3. 
 
The concentration of NO3
-  in plasma-treated water in setup II for “air plasma” 
increased up to 20% after 48 hours of storage, and the concentration of NO3
-  started to 
fall only after 72 hours and decreased around 22% after 120 hours as shown in figure 
2.11. In setup I for “air plasma”, NO3
-  concentration in the plasma-treated water 
enhanced around 11% after 48 hours of storage, and fell around 25% after 120 hours. 
The increase of NO3
-  concentration in the plasma-treated water for first few days might 
be attributed to the NO2
-  ions present in the water, which converted into NO3
-  in 
atmospheric conditions in water. Therefore, if plasma-treated water containing NO3
-  is 
used to treat plants, it is advisable to store the treated water first for 48 hours allowing 
NO2
-  to convert into NO3
-  in water, and treated water will need to be changed in every 
120 hours. 
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Figure 2.11: The stability of NO3
-  in plasma-treated water in setup I and II with storage 
time up to 120 hours. Voltage=18 kV, Frequency=4 kHz, Gas flow rate= 100 sccm, 
Electrode gap=10 mm, Reactor volume=100 ml. Treatment time= 2 minutes, Error bar 
shows standard deviation. Number of replicates, n=3. 
 
The concentration of NO2
-  in plasma-treated water in setup II for “air plasma” 
drastically decreased around 32% in just 24 hours, and it fell around 74% after 48 
hours. All the other cases, NO2
- ’s concentration became almost zero after 24 hours as 
in these case NO2
- ’s production was not much. It is known that NO2
-  was converted 
into NO3
- . 
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Figure 2.12: The stability of NO2
-  in plasma-treated water in setup I and II with storage 
time up to 120 hours. Voltage=18 kV, Frequency=4 kHz, Gas flow rate= 100 sccm, 
Electrode gap=10 mm, Reactor volume=100 ml. Treatment time= 2 minutes, Error bar 
shows standard deviation. Number of replicates, n=3. 
 
2.4 Summary 
Two non-thermal plasma systems: dielectric barrier discharge (DBD) above water 
(setup I) and gas bubble discharge in water (setup II) have been employed to generate 
NO3
-  and H2O2 in water for argon and air with varying treatment time. It showed that 
setup II produced NO3
-  around 1.7 times higher than setup I for “argon plasma”, and 
generated H2O2 around 1.8 times greater than setup I for “argon plasma” after four 
minutes treatment. The setup II was 94% selective of NO3
-  production for “air plasma”, 
and 96% selective of H2O2 production for “argon plasma”. NO3-  in the plasma-treated 
water was relatively stable up to 120 hours, whereas H2O2 was stable up to 48 hours.  
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Chapter 3: Optimization of the gas bubble plasma system for 
efficient nitrate and hydrogen peroxide generation and its 
potential scale-up  
 
Abstract 
The gas bubble plasma system (setup II) was optimized by varying the treatment time, 
pulse frequency, electrode gap distance and gas flow rate for the maximum production 
of NO3
-  and H2O2 to be used for plant growth. The electrode gap of 10 mm, pulse 
frequency of 8 kHz, and gas flow rate of 250 standard cubic centimetre per minute 
(sccm) were found to be the optimum conditions for the maximum production of H2O2 
and NO3
- . The energy efficiency was 167 g/kWh for H2O2 (“argon plasma”), and 151 
g/kWh for NO3
-  (“air plasma”) at 8 kHz, 10 mm gap, and 100 sccm for one minute 
treatment. The plasma system was scaled-up to the reactor volume of 500 ml from 100 
ml. The ratio of the treatment time and the reactor volume was found to be a parameter 
for the scale-up. The scaling-up of the plasma system is necessary for the application 
to agriculture. 
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3.1 Introduction 
In the previous chapter, two non-thermal plasma systems i.e. dielectric barrier 
discharge (DBD) above water (setup I) and gas bubble discharge in water (setup II) 
were used for further investigation to produce NO3
-  and H2O2. The generation of the 
NO3
-  and H2O2 was 1.7 and 1.8 times greater, respectively for air and argon plasma 
after four minutes treatment in setup II compared to the setup I. The setup II showed 
96% selectivity of H2O2 for “argon plasma” and 94% selectivity of NO3− for “air 
plasma”. The increased interface reactions between the gas plasma and water through 
bubbles gave higher productivity and the choice of feed gas enabled better selectivity 
[19]. 
 
As one of the main objectives of this thesis was to understand how plasma-treated 
water affects plant seedling growth, the gas bubble plasma system (setup II) was 
chosen to optimize its plasma parameters for the maximum production of NO3
-  and 
H2O2. For this reason, in this chapter, the effects of treatment time, pulse frequency, 
electrode gap distance, and gas flow rate on the generation of H2O2 and NO3− were 
studied. In addition, the setup II was investigated for its potential scale-up using three 
reactor volumes such as 100 ml, 250 ml, and 500 ml, as it is of paramount important 
to treat large quantity of water for agricultural use. 
 
3.2 Materials and methods 
3.2.1 The gas bubble plasma system 
The schematic of the gas bubble plasma setup was shown in figure 3.1 (figure 2.1b in 
chapter two). It had a hollow needle in a point-to-plate (mesh) electrode assembly with 
the gas flowing through the needle. The inner diameter of the needle was 0.44 mm. 
The discharge was generated by a nanosecond high voltage pulse generator FPM 15-
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10MC2 (FID GmbH). It can generate positive and negatives pulses with the maximum 
amplitude of up +/- 15 kV into 75 Ω, rise time of 2 ns and the duration of about 10 ns 
at 90% of maximum voltage. Here, I used +9 kV which was applied to the anode mesh 
electrode and -9 kV which was applied to the cathode needle or spiral electrode. The 
voltage applied across the electrode gap was measured using a high-voltage probe 
(Tektronix, P6015A) connected to the upper electrode, while the current was measured 
using an IonPhysics current probe across a 50 ohm termination. Argon (inert gas), and 
air were used as working gas. The reactor volume was 100 ml. The treatment time (30 
second to 8 minute), frequency (2, 4 and 8 kHz), electrode gap distance (5, 10, and 15 
mm), and the gas flow rate (100, 250, and 500 sccm) were varied to optimise the setup 
for the efficient production of hydrogen peroxide and nitrate. The reactor volume was 
100 ml for all the conditions described above. To scale up the system three reactors 
with volume of 100, 250, and 500 ml were chosen. 
 
 
Figure 3.1 Schematic of the gas bubble plasma system with current and voltage probes 
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3.2.2 The reactive species measurements 
Same as section 2.2.3 in chapter two 
3.3 Results and discussion 
3.3.1 Optimization of the gas bubble plasma system 
Effect of treatment time 
In chapter two, the effects of treatment time up to four minutes on the production of NO3− and H2O2 were studied. In this chapter, treatment time was further studied 
extending it up to eight minutes, as the main object of this chapter is to get maximum 
production NO3− and H2O2. H2O2’s concentration for “argon plasma” increased up to 
88.5 ppm at six minutes treatment, and then started to decrease as shown in figure 3.2.  
The decrease of the H2O2 concentration after six minute can be caused by temperature 
[73], and the reaction with ozone (reaction 1) generated in the water [74]. 
                   H2O2 + O3 → O2 + OH + HO2              (1) 
 
The temperature of the plasma-treated water after six minutes treatment was around 
55°C, which could cause the degradation of H2O2. For “air plasma”, not much H2O2 
produced. (For generation mechanisms and selectivity of H2O2 in the gas bubble 
plasma system, please see chapter two). 
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Figure 3.2: Hydrogen peroxide concentration in the gas bubble plasma system with 
varying treatment time for argon and air. Voltage=18 kV, Frequency=4 kHz, Gas flow 
rate= 100 sccm, Electrode gap=10 mm, Reactor volume=100 ml. Error bar shows 
standard deviation. Number of replicates, n=3. 
 
The maximum production of NO3− in the plasma-treated was found to be 103.5 ppm 
after eight minutes of treatment for “air plasma” as shown in figure 3.3. Its 
concentration initially increased almost linearly up to six minutes of treatment (96.4 
ppm), then started to increase slightly up to eight minutes. As conductivity increased 
with increasing treatment time for “air plasma” as discussed in chapter two, the higher 
conductivity of the plasma-treated water after eight minute treatment might affect the 
generation of NO3− in higher treatment time. At higher conductivity of the plasma-
treated water, plasma current might pass through water instead of gas bubbles, where 
actually plasma discharge is generated. Therefore, at higher treatment time (higher 
conductivity of the treated water), NO3− generation is low. For “argon plasma”, NO3− 
was not produced even after eight minutes treatment. (For generation mechanisms and 
selectivity of NO3− in the gas bubble plasma system, please see chapter two). To study 
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the effects of other plasma parameters such as pulse frequency, electrode gap distance, 
and gas flow rate, one minute treatment time was chosen, as the longer treatment time 
would not be efficient, and “argon plasma” for NO3− generation and “air plasma” for 
H2O2 generation were not considered. 
 
 
Figure 3.3: NO3−concentration in the gas  bubble plasma system (setup II) with varying 
treatment time for argon and air. Voltage=18 kV, Frequency=4 kHz, Gas flow rate= 
100 sccm, Electrode gap=10 mm, Reactor volume=100 ml. Error bar shows standard 
deviation. Number of replicates, n=3. 
 
Effects of frequency 
The generation NO3− for “air plasma” in the gas bubble plasma system increased up to 
32.8 ppm at 8 kHz, which was 54 % higher than that at 4 kHz as shown in figure 3.4. 
It also showed that H2O2’s production for “argon plasma” enhanced up to 36.1 ppm 
at 8 kHz. These increased productions were attributed to the higher energy to the 
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system associated with higher frequency [75], and possible bubble fragmentation [72] 
caused by higher frequency.  Higher frequency of the applied voltage pulses can lead 
to larger number of discharges generated in bubbles due to residual plasma remaining 
in bubbles because of finite recombination time of the plasma as well as due to 
increases bubble fragmentation. The smaller and greater density of bubbles leads to 
increased interface area between gas and water, which results in higher production of 
H2O2 and NO3−. The pulse frequency of 8 kHz was used in the subsequent experiments, 
as it was found that the maximum production of H2O2 and NO3− for 8 kHz. 
 
 
Figure 3.4: Effects of frequency on nitrate (“air plasma”) and hydrogen peroxide 
(“argon plasma”) production. Voltage=18 kV, Treatment time= 1 minute, Gas flow 
rate= 100 sccm, Electrode gap=10 mm, Reactor volume=100 ml. Error bar shows 
standard deviation. Number of replicates, n=3 
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Effects of electrode gap 
The gap distance (d) is an important parameter for gas bubble discharge in water [76]. 
It is like a gap between two electrodes in a capacitor which determines average electric 
field. Many properties of the plasma generated in bubbles, such as density and 
temperature are sensitive to d. Number of the bubbles in the gap is also related to the 
gap distance. Three gap distances such as 5 mm, 10 mm and 15 mm were used in the 
experiments.  NO3− production for “air plasma” and H2O2’s production for “argon 
plasma” were greatly affected by the gap distance as shown in figure 3.5.  At lower 
electrode gap (5 mm) and higher electrode gap (15 mm), the production was lower. 
However, 10 mm gap showed highest production of both H2O2 and NO3−. These 
qualitatively can be explained by two processes related to the change in the gap. In the 
case of small gap, the number of bubbles is small also, and in spite of plasma formation 
in all these bubbles, the production of H2O2 and NO3− is small. At larger gap the 
number of bubble is large but electric field is decreased and therefore only in few 
bubbles one obtains plasma generation [76]. In the subsequent experiment, the gap 
distance of 10 mm was continued to be used.  
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Figure 3.5 Effects of electrode gap distance on nitrate (“air plasma”) and hydrogen 
peroxide (“argon plasma”) production. Voltage=18 kV, Treatment time= 1 minute, 
Gas flow rate= 100 sccm, Frequency=8 kHz, Reactor volume=100 ml. Error bar shows 
standard deviation. Number of replicates, n=3 
 
Effect of gas flow rate 
The gas flow rate also greatly influenced the production of H2O2 and NO3− as shown 
in figure 3.6. The production of H2O2 and NO3− was found to be highest for 250 sccm 
compared to the other flow rates (100 and 500 sccm).  H2O2’s concentration was 46.5 
ppm, and NO3−’s concentration was 45 ppm respectively for “argon plasma” and “air 
plasma” at 250 sccm for 8 kHz and 10 mm gap distance, which was higher than those 
at 100 sccm. The gas flow rate determines the speed and the number of the gas bubbles 
in the plasma discharge. If gas flow rate increased, then both the speed and the number 
of bubbles increased, which in turns increase the density of gas bubble in water. The 
higher gas bubble density in water results in less conductivity of active plasma region, 
as gas is less conductive than water. Therefore, plasma current passing through water 
(i.e. waste of plasma energy) would be less when high density of bubbles present in 
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the active plasma region. Thus, at higher flow rate (250 sccm), the production of the 
reactive species was higher compared to the lower flow rate (100 sccm). However, at 
500 sccm (the highest flow rate studied), the production was slightly lower compared 
to 250 sccm. At 500 sccm, the speed of the bubbles might be too high, which leads 
decreased production. 
 
Figure 3.6 Effects of gas flow rate on nitrate (“air plasma”) and hydrogen peroxide 
(“argon plasma”) production. Voltage=18 kV, Treatment time= 1 minute, Electrode 
gap= 10 mm, Frequency=8 kHz, Reactor volume=100 ml. Error bar shows standard 
deviation. Number of replicates, n=3 
 
3.3.2 Energy efficiency for the production of 𝐍𝐍𝐍𝐍𝟑𝟑− and H2O2 
Energy efficiency of a plasma system for generating reactive species is an important 
criteria. Generally, efficiency is calculated as output energy divided by input energy. 
In the atmospheric pressure plasmas in contact with water, some part of input energy 
was converted to heat due to Joule heating. In this case water temperature increased 
up to around 45 °C after the plasma treatment. Therefore, all output energy was not 
contributing to generate NO3− and H2O2 in water, and the energy loss due to the Joule 
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heating was not considered for energy efficiency calculation (considering it to be low). 
The energy efficiency for the production of NO3− and H2O2 can be calculated for each 
species as the amount (n) produced divided by the energy consumption (E) for the 
process, i.e., n/E, where the value of E is equal to the product of the average power (P) 
and the treatment time (t). The average power (P) was calculated by multiplying the 
voltage and current. The voltage and current waveforms measured by probes during 
the discharge were shown in figure 3.7. The average power was 1.3 watt at 8 kHz pulse 
frequency, 10 mm electrode gap, and 100 sccm gas flow rate. The reactor volume was 
100 ml.  
 
As ppm and mg/l are equivalent, multiplying by 100 ml (the reactor volume), and 
dividing by 106 gives the production in g. The energy efficiency was calculated for 
one minute treatment time. The energy efficiency for H2O2 production was around 
167 g/kWh, and for NO3− was around 151 g/kWh.  
 
Figure 3.7: The voltage (a) and current (b) waveforms measured by probes during the 
discharge. Voltage=18 kV, Frequency=8 kHz, Gas flow rate= 100 sccm, Electrode 
gap=10 mm, Reactor volume=100 ml. 
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3.3.3 Scaling-up the gas bubble plasma discharge 
In the preceding section, there has been an effort to optimize the gas bubble discharge 
for the maximum production of H2O2 and NO3−, respectively for “argon plasma” and 
“air plasma”. The reactor used for all the above experiments was 100 ml. The system 
needs to be scaled-up for its industrial applications. One of the major applications of 
this system is to treat water for agriculture (discuss more in the subsequent chapter), 
which requires larger volume of water to be treated. Therefore, three reactors with size 
of 100, 250 and 500 ml were employed in an effort to scale-up the system. The H2O2 
and  NO3− generation was observed in these reactors with different treatment time, and 
it was found that their productions were almost same if the ratio of treatment time and 
reactor volume was same as shown in figure 3.8. Therefore, it was proposed that the 
ratio of treatment time and the reactor volume could be used as a parameter for 
potential scale-up of the gas bubble discharges. 
 
 
Figure 3.8 Hydrogen peroxide (a) and nitrate (b) production, respectively for “Ar” and 
“air” plasma with the varying ratio of treatment time and reactor volume. Voltage=18 
kV, Electrode gap= 10 mm, Frequency=8 kHz, Gas flow rate= 250 sccm. Error bar 
shows standard deviation. Number of replicates, n=3 
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3.4 Summary 
In this chapter, the gas bubble discharge has been optimized for the maximum 
production of nitrate and hydrogen peroxide. Different treatment time, frequency, 
electrode gap, and gas flow rate were used to get the optimum plasma conditions. The 
pulse frequency of 8 kHz, electrode gap distance of 10 mm, and gas flow rate of 250 
sccm were found to the optimum conditions. The energy efficiency was 167 g/kWh 
for H2O2 (“argon plasma”), and 151 g/kWh for NO3
-  (“air plasma”) at 8 kHz, 10 mm 
gap, and 100 sccm gas flow rate for 0ne minute treatment time.. The system has been 
scaled-up to the reactor volume 500 ml from 100 ml. The ratio of the treatment time 
and the reactor volume was found to be a parameter for a potential further scale-up. 
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Chapter 4: Nitrate and hydrogen peroxide generated in water by 
the gas bubble plasma system stimulate wheat seedling growth 
 
This chapter is based on the publication: Maniruzzaman M, Sinclair A J, Cahill D M, 
Wang X, Dai X J (2017) Nitrate and hydrogen peroxide generated in water by electrical 
discharges stimulate wheat seedling growth. Plasma Chem Plasma Process 37:1393-
1404 
 
MM carried out all experiments, collected and analysed the data and wrote the first 
draft of the manuscript. 
 
Abstract 
This chapter reports the stimulation of wheat seedling growth by using plasma-treated 
water. The water was treated by the gas bubble plasma system using the optimum 
conditions described in chapter three in a 500 ml reactor. The H2O2 and NO3− 
generated, respectively, in “argon” and “air” plasma-treated water significantly 
increased the growth parameters such as biomass, leaf length, and the relative 
chlorophyll content of the wheat seedling. The total biomass of the seedlings grown in 
potting mix after four weeks was augmented by 61% and 87%, respectively, for 
“argon” plasma-treated water and “air” plasma-treated water compared with the 
control (untreated DI water). In hydroponics, the biomass of the seedling increased 
27% and 38%, respectively, for the “argon” and the “air” after two weeks in 
comparison to the control. In potting mix, the shoots and roots of the seedlings 
responded differently to the treated water: the biomass of shoot increased 33% for “air” 
plasma-treated water compared with the “argon”, while that of root increased 17% for 
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“argon” plasma-treated water compared with the “air”. A separate experiment in 
hydroponics with chemical solutions of H2O2 and NO3− matching with the 
concentrations of the H2O2 and NO3− generated in the plasma-treated water showed 
similar stimulation of wheat seedling growth. 
 
4.1 Introduction 
NO3
-  and H2O2 are two stable liquid phase reactive oxygen and nitrogen species 
(RONS) that can be generated by non-thermal plasma in contact with liquid [3-4]. 
Various plasma discharges set-ups, such as i) direct liquid phase discharges, ii) 
discharges in the gas phase above liquid with liquid electrodes, and iii) discharges in 
bubbles in liquid, have been studied to understand RONS generation mechanisms and 
physical characteristics of the discharges [3]. In chapter two, the production of NO3
-   
and H2O2 was compared in two plasma systems i.e. DBD over water and gas bubble 
plasma discharge in water, and showed that the gas bubble plasma system could tailor 
the processes for the production of the NO3
-  and H2O2. In chapter three, the gas bubble 
setup was optimised for the efficient production of H2O2 and NO3
- . In this chapter, the 
application of NO3
-  and H2O2 generated by the gas bubble plasma system in contact 
with water was explored in agriculture as these two species have many physiological 
roles in plant biology. 
 
The NO3
-  is the most important inorganic form of N for plants, and the N is one of the 
most essential nutrients in plants as it is a constituent of proteins, nucleotides, 
chlorophyll and numerous other metabolites and cellular components [77]. NO3
-  is 
available in cultivated soils in a range of 1-20 mM [77]. Upon uptake, it is assimilated 
into amino acids either in roots or shoots through different enzymatic processes. N 
deficient plants are stunted with narrow leaves. N deficiency causes chlorosis, 
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beginning in the older leaves as N is remobilised to younger leaves [45]. NO3
-  is not 
only a major N source for plants, but also acts a signal to regulate plant metabolism 
and development [46-47]. NO3
-  as a signalling molecule can break seed dormancy in 
Arabidopsis [48], induce leaf expansion in Tobacco [49] and coordinate the expression 
of nitrate-related genes [50].  
 
On other the hand, H2O2 is widely generated in biological systems and mediates 
numerous physiological and biochemical process in plants [44]. It is continuously 
produced as a by-product of aerobic metabolism [78]. It has a multifaceted role in plant 
biology being involved in signalling, defence and growth. When the concentration of 
H2O2 is in the normal range, it acts as a second messenger in signal transduction 
networks that regulate phyto-hormones such as salicylic acid, jasmonic acid, abscisic 
acid and ethylene for plant growth and development [78-79]. At higher concentrations 
it can induce oxidative stress by inducing hypersensitive responses to kill pathogens. 
In wheat infected by the hemibiotrophic pathogen S. tritici, there was a strong 
accumulation of H2O2 in a resistant cultivar, coinciding with the restriction of 
pathogen growth and expression of defence genes [79]. Barba-Espin et al. reported 
that exogenous H2O2 increased the germination rate as well as the seedling growth of 
the pea [29]. They also showed that H2O2-induced proteins (14-3-3, TCTP, and 
proteasome) were related to plant signalling and development, cell elongation and 
division, and cell cycle control. The exogenous application of H2O2 induced salt stress 
tolerance in wheat [53] and barley [55], and provided a more vigorous root system and 
enhanced seedling growth in wheat [51].  
 
Plasma treatment of living tissue has become increasingly important in medical 
science due to its capability of bacterial inactivation and non-inflammatory tissue 
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modification which makes it an attractive tool for wound healing, treatment of skin 
diseases and dental caries [8]. However, the application of plasma discharges in plant 
biology has largely been unexplored, though the roles of RONS in plants are well 
established. Some studies attempted to understand plasma effects on seed germination 
and early growth of seedling by direct treatment of seeds in cold gas plasma discharges 
[57-58]. Heneselova et al. investigated growth, anatomy and enzyme activity changes 
in maize roots induced by the treatments of seeds with gas plasma [60]. Bormashenko 
et al. [61] reported that the plasma treatment increased wettability of lentil and bean 
seeds caused by oxidation and nitration of the seed surface. Only a few studies have 
investigated plasma-treated water as a potential use of fertilizer for vegetative plant 
growth [15-17]. The major challenges remaining in the field of “plasma agriculture” 
are to (i) elucidate the roles of reactive species generated by plasma in plant physiology 
and (ii) understand the interactions of the reactive species generated by the plasma 
discharges with plant growth and development. 
 
In this chapter, it was attempted to understand the roles of H2O2 and NO3
-   produced 
by plasma in contact with water in wheat seedling growth. Wheat was chosen because 
it is one the major crop plants in the world. Wheat was grown in both potting mix and 
soil-free plant growth systems with plasma treated water containing H2O2 and/or NO3
- . 
The growth parameters such as biomass of root and shoot, first leaf length, and its 
relative chlorophyll content were measured to understand the effects of the reactive 
species on the seedling growth. 
 
4.2 Materials and methods 
4.2.1 Plasma treatment of water 
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The plasma setup, shown in figure 4.1a, was first described in chapter two. The most 
efficient setup described in chapter three was used, and 500 ml size reactor was chosen 
to treat water as growing and maintaining plants require large quantity of water. A 
high voltage pulsed generator FPM 15-10MC2 (FID GmbH), having positive and 
negative pulses with the maximum amplitude of +/- 15 kV at 75 Ω, rise time of 2 ns,  
and the duration of about 10 ns at 90% of maximum voltage, was employed to generate 
plasma inside gas bubbles in water. The voltage pules with amplitude of +9 kV applied 
to the anode mesh electrode and -9 kV applied to the cathode needle electrode was 
used. The inner diameter of the needle was 0.44 mm. The gas flow rate was 250 
standard cubic centimetres per minute (sccm), the frequency was 8 kHz, and the 
electrode gap was 10 mm. 
 
 
Figure 4.1 Schematic of the liquid plasma system (a) and wheat growth methods (b): 
potting mix and soil-free plant growth system (SPS). In potting mix, the seedlings were 
grown in pots filled with soil (Premium potting mix, Debco, Australia), whereas in 
SPS the seedlings were grown in polycarbonate trays without using any soil 
 
4.2.2 Characterization of the plasma-treated water 
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Nitrate and nitrite concentrations in the water were measured by photometric assay 
using a commercially available test kit (Spectroquant NOVA 60, Merck). For nitrate 
measurement, the reagent 2, 6-dimethylphenol was added to the plasma treated water. 
After 10 minutes of reaction, 4-nitro-2,6-dimethylphenol, an orange coloured product, 
was produced, whose absorption was measured at 340 nm by a UV-vis spectrometry. 
On other hand, nitrite in the treated water reacts with sulfonic acid and N-(1naphthyl)-
ethylene diamine hydro-chloride to produce a magenta coloured azo dye, whose 
absorption at 525 nm was measured by a UV-vis spectrophotometry.  
 
The concentration of hydrogen peroxide in the treated water was measured using a 
colorimetric assay [65]. Sodium azide (NaN3) was purchased from Sigma-Aldrich to 
prepare 60 mM sodium azide aqueous solution to scavenge reactive oxygen species 
that could otherwise react with H2O2. 25 g titanium oxysulfate (TiOSO4) from Sigma-
Aldrich was dissolved in 1L of 2M sulphuric acid to get TiSO4 reagent solution. The 
reagent was stored in a cool and dark place, and is stable for four months. 200 μl of 
sodium azide solution was added to 2 ml of the plasma-treated water and vortexed for 
10 second, and then 1 ml of TiSO4 reagent was added the solution, which turned 
yellow indicating the presence of H2O2 in the solution, whose absorbance was 
measured at 407 nm by a UV-vis spectrometry. In parallel standard solutions of H2O2 
was prepared, the absorbance of the solutions was measured at 407 nm by the UV-vis 
spectrometry, and then H2O2 calibration curve was plotted. The concentration of H2O2 
in the plasma-treated water was assessed with the reference to the calibration curve. 
 
4.2.3 Plant growth, maintenance and analysis  
Wheat seeds were commercially purchased (Naracoorte, Naracoorte, South Australia). 
The viability of the seeds was tested by immersing the seeds into deionised water. The 
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seeds that sank to the bottom were deemed viable and used in the experiments. The 
seeds were surface sterilized by 80% ethanol for 2 minutes, and then rinsed thoroughly 
three times with DI water. After sterilization, the seeds were imbibed in the DI water 
for two hours, and then placed into a Petri dish (13.5 cm diameter) with two layers 
moistened filter paper (Whatman No. 1 Kent, England) for germination. The Petri 
dishes covered with aluminium foil were placed in a growth cabinet (Thermoline, 
Coburg Noth, Australia) at 21°C with 14 hours light (300 μmol/m2/s) for 3 days. After 
germination, the seedlings were transferred to soil (Premium potting mix, Debco, 
Victoria, Australia) in pots (6 cm high×6 cm perimeter) and soil-free plant growth 
system (SPS) (see figure 4.1b) [80].  Each seedling was placed in one pot and 24 pots 
were placed in one big container, which was kept in the growth cabinet at 21°C with 
14 hours light (300 μmol/m2/s) for 4 weeks. Each container was watered with 
respective waters and monitored regularly.  
 
For SPS [80], the base of each SPS unit was filled with 500 ml of water. The filter 
paper (Whatman No. 1 Kent, England) was cut into square pieces and the flat back of 
each tray was covered by moist filter paper. Three cotton wool square pads (Swisspers, 
Australia) saturated in water were placed across the top of the tray after being cut 
lengthwise. The front and back sections of the tray were clipped together with fold 
back clips (Tudor, PaperlinX, Preston, Australia). 5 seedlings were placed in each tray 
and a total of 20 seedlings in one polycarbonate unit (4 trays). Everyday 50 ml of the 
respective water was sprayed on each unit, using a hand-held sprayer. The filter papers 
and the base water were replaced after 5 days. For a nutrient solution, 0.5 mL of each 
1/3 strength Total Horticultural Concentrate (THC) nutrient solution (THC, Excel 
distributor, Reservoir, Australia) was added to 500 ml base water. The fresh weight of 
the seedlings was measured by microgram balance after the seedlings were carefully 
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taken from the pots and SPS, washed in water and patted dry with filter paper. The dry 
weight of seedlings was measured after keeping the seedlings in oven at 70°C for 72 
hours. The difference between fresh weight and dry weight was used as water content 
of the seedlings. The leaf length was measured by an mm scale. Minolta Chlorophyll 
Meter SPAD-502 (Japan) was used to determine the amount of chlorophyll present in 
the plant leaves. 
 
4.3 Results and discussion 
4.3.1 Generation of nitrate and hydrogen peroxide in water 
Figure 4.2 showed that a high concentration of H2O2 was generated in Ar plasma 
treated water, while high concentration of NO3− was generated in air plasma treated 
water as discussed in chapter two. The high production of H2O2 for Ar gas was 
attributed to the recombination of OH radicals  either in gas phase or in water produced 
by the decomposition of water. The energetic electrons, excited Ar atoms and ions, 
UV radiation generated in the plasma dischages directly interact with water, which 
leads to the decomposition of water. The bubble movement help H2O2 molecules 
tranport to the bulk of the water, which facilitated higher production of H2O2. In air 
plasma, the atomic O and N are generated, which combine to form nitric oxide (NO) 
in the gas phase. The NO readily reacts with oxygen to form nitrogen dioxide (NO2), 
which in H2O generates nitrate ions. The NO2 quickly diffuses into the bulk of water 
due to bubble movement enabling the formation of a high concentration of NO3− [19]. 
3NO2 + 3H2O ⇆ 2NO3− + NO + 2H3O+                                                                                (1) 
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Figure 4.2 The concentration of hydrogen peroxide (a) and nitrate (b) generated in de-
ionized (DI) water by plasma at 8 kHz for different treatment time. (Gas flow rate 250 
sccm, reactor volume 500 ml. Error bars show standard deviation (number of 
replicates=3) 
 
4.3.2 Wheat seedling growth in potting mix with plasma-treated water 
Wheat was grown in potting mix with de-ionized water as a control and various 
plasma-treated water as treatments for up to four weeks to assess any impact on the 
seedling growth. The first leaf length and its relative chlorophyll content, the biomass 
(fresh and dry), and water content of the seedlings were measured as the growth 
parameters each week. Figure 4.3a showed a representative picture of the seedlings (3 
weeks old) grown with “air” and “argon” plasma treated water, and DI water as 
control. The first leaf of the seedlings, a characteristic parameter for seedling growth, 
did not show any changes among treatments after first week, but were significantly 
enhanced after three weeks of growth for “argon” and “air” plasma-treated water 
compared with the control, increasing 24.8% and 20.4%, respectively (see figure 4.3b). 
The relative chlorophyll content of the same leaf, a measure of how healthy the plant 
is, was significantly higher with seedlings treated with “argon” and “air” plasma-
treated water than those with control from the first week of the experiment (see figure 
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4.3c). The enhanced leaf length matching with the higher chlorophyll content 
demonstrated better growth of wheat seedlings with plasma-treated water compared 
with the control treatment. 
 
 
 
Figure 4.3 A representative picture of the seedlings (3 weeks old) grown with air and 
argon plasma treated water and DI water as control (a). The first leaf length (b) and its 
relative chlorophyll content (c) of the wheat seedlings grown up to 4 weeks in potting 
mix at different treatments: control as DI water, argon as argon plasma-treated DI 
water and air as air plasma-treated DI water. Number of seedlings, n= 18 from two 
replicates. Different letters indicate statistical significance according to the Duncan 
multiple range test (p<0.05). Error bars show standard errors. 
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Biomass is one of the prime indicators for seedling growth. Both fresh and dry weight 
of the seedlings was measured at different stages. The water content is calculated by 
deducting dry weight from fresh weight. The shoot biomass significantly increased for 
“air” plasma-treated water and root biomass for “argon” plasma-treated water 
compared with the control, as shown in figure 4.4a and 4.4b. After four weeks, the 
shoot biomass increased up to 90% and 153% compared with the control for “argon” 
and “air” plasma-treated water, respectively, and enhanced 33% for air plasma treated 
water compared with the argon plasma treated water (see figure 4.4c and 4.4d). Since 
H2O2 and NO3− were mainly produced in water by argon and air plasma respectively, 
both H2O2 and NO3− were thought to be the stimulators for enhancing the shoot 
biomass. Among these two species, NO3− was shown to be more effective than H2O2 
for shoot growth. On the other hand, root responded differently to these species: the 
roots biomass increased more in H2O2 containing water than NO3− containing water. 
For example, the root biomass increased 35% for argon plasma treated water (H2O2) 
and 19% for air plasma treated water (NO3−) compared with the control after three 
weeks of seedling growth. The oxidative stress from exogenous H2O2 generated in 
argon plasma-treated water may lead to increased endogenous H2O2 accumulation in 
root cells, which in turns can contribute to the growth and development of the root 
system of the wheat seedling [44]. Both treatments increased water and biomass 
contents of shoots and stems. The water content of the shoot increased up to 155% and 
109% for air and argon plasma-treated water, respectively, while the water content of 
the root increased up to 31% and 78% for air and argon-treated water, respectively, 
compared with the control at four week of the seedling growth. The water content and 
the biomass of the shoot and root showed similar trend for argon and air plasma-treated 
water. 
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Figure 4.4: The biomass (dry weight) of the shoot (a) and root (b), and the water 
content of the shoot (c) and root (d) of the wheat seedlings grown up to 4 weeks in 
potting mix at different treatments: control as DI water, argon as argon plasma-treated 
DI water and air as air plasma-treated DI water. Number of seedlings, n= 18 from two 
replicates. Different letters indicate statistical significance according to the Duncan 
multiple range test (p<0.05). Error bars shows standard errors. 
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4.3.3 Wheat seedling growth in soil-free plant growth system with plasma-treated 
water 
Wheat seedlings grown in potting mix described in the preceding section suggested 
that nitrate and hydrogen peroxide generated in DI water, through the plasma 
treatments, have positive impacts on the seedling growth. As soil is complicated and 
contains many elements [81], wheat was grown in a soil-free plant growth system 
(SPS), which was described earlier, to assess the roles of NO3− and H2O2 generated in 
water by plasma discharges. In SPS the seedlings were grown with and without 
nutrient solutions (THC), which contains all essential mineral elements for normal 
plant growth. A comparative picture of the wheat seedlings grown in control (DI 
water), “argon” and “air” plasma-treated water for 12 days was shown in figure 4.5a. 
For no nutrient solution added, the fresh weight of the seedling increased significantly 
(p<0.05) in “argon” plasma-treated DI water (25%) and “air” plasma-treated water 
(35%) at 7 days in comparison with the control (DI water) shown in figure 4.5b. 
However, the growth was stunted from 7 to 14 days with no extra nutrients. The 
possible reason was that many essential nutrients were not available in just DI water 
and plasma-treated water to support the seedling growth up to 14 days [77]. With 
nutrient solution, the fresh weight continued to increase significantly at 14 days in 
argon plasma-treated water (27%) and air plasma-treated water (38%) compared with 
the control. The first leaf length of the seedlings and its relative chlorophyll content 
(see figure 4.5c and 4.5d) also increased for both argon and air plasma-treated water 
in comparison with the control for both “with” and “without” nutrient solution 
conditions. 
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Figure 4.5: The effects of plasma-treated water on wheat seedlings in SPS: A 
comparative picture of the wheat seedlings grown in control (DI water), argon and air 
plasma-treated water at 12 days (a). The biomass (fresh weight) (b), the first leaf length 
(c) and its relative chlorophyll content (d) of the wheat seedlings grown up to 14 days 
in SPS at different treatments: control as DI water, argon as argon plasma-treated DI 
water, and air as air plasma-treated DI water.     HTC as Total Horticultural Concentrate 
solution added in the water. No HTC as no Total Horticultural Concentrate. Number 
of seedlings, n= 18 from two replicates. Different letters indicate statistical 
significance according to the Duncan multiple range test (p<0.05).Error bars shows 
standard errors 
 
4.3.4 The wheat seedling growth in SPS with H2O2 and/or 𝐍𝐍𝐍𝐍𝟑𝟑− solution in water 
Wheat grown with plasma-treated water both in potting mix and SPS described in the 
preceding two sections showed similar positive impact on the seedling growth. As 
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plasma-treated water mainly contained H2O2 (argon plasma) and NO3− (air plasma) as 
the most likely reactive species for plant growth described in the first section of the 
results and discussion, our hypothesis was that H2O2 and NO3− generated in the 
plasma-treated water are the reason for the stimulation of the seedling growth. To 
verify this hypothesis, wheat seedlings were grown with H2O2 and NO3− chemical 
solutions in water in SPS. The concentrations we chose were 90 ppm for H2O2 and 
100 ppm for NO3−, as these matched with the concentrations of H2O2 and NO3− 
generated in the plasma-treated water. 
 
The fresh weight of the seedlings increased in the exogenous chemical solutions 
compared with the control (see figure 4.6a): for instance, 28% for H2O2 and 34% for NO3− at 14 days with HTC solutions, which confirmed the hypothesis. The similar 
trends were also observed for the case of first leaf length and the relative chlorophyll 
content (see figure 4.6b and 4.6c). Also note that the fresh weight of the seedlings 
increased 4.1% and 8.2%, respectively for “argon” and “air” plasma treated water 
compared with the chemical H2O2 and NO3− solutions, respectively (shown in figure 
4.5b and 4.6a). The better results, though not significant, for plasma-treated water 
compared with the chemical solutions might be attributed to the short-lived and 
intermediate species such as hydroxyl radical and nitric oxide present in plasma-
treated water [28]. Further study is planned using a semi-dynamic setup, where the 
plasma treated water can immediately water the plants after the treatments to confirm 
the roles of these species for better plant growth. 
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Figure 4.6: Effects of chemical solutions of H2O2 and 𝑁𝑁𝑁𝑁3−on wheat seedling growth: 
The fresh weight (a), the first leaf length (b) and the relative chlorophyll content (c) of 
the wheat seedlings grown up to 14 days in SPS at different treatments: control as DI 
water, H2O2 as 90ppm H2O2 in DI water and 𝑁𝑁𝑁𝑁3− as 100 ppm 𝑁𝑁𝑁𝑁3− in DI water. HTC 
as Total Horticultural Concentrate solution added in the water and No HTC as no Total 
Horticultural Concentrate. Number of seedlings, n= 18 from two replicates. Different 
letters indicate statistical significance according to Duncan multiple range test 
(p<0.05). Error bars shows standard errors. 
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4.4 Summary 
It has been demonstrated that both “Ar plasma” treated water (mainly containing 
H2O2) and “air plasma” treated water (mainly containing NO3−) have positive impacts 
on wheat seedling growth; significantly increasing biomass, leaf length, and the 
relative chlorophyll content of the seedlings both in potting mix and soil-free plant 
growth system. The shoot biomass was increased more for air plasma treated water, 
while the root biomass was increased more for Ar plasma treated water in potting mix. 
The chemical solutions of H2O2 and NO3− matching with the concentrations of the 
H2O2 and NO3− generated in the plasma-treated water also showed similar impact, 
confirming that H2O2 and NO3− produced in the plasma-treated water were mainly 
responsible for the enhanced wheat seedling growth.  
. 
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Chapter 5: General discussion and future work 
5.1 𝐍𝐍𝐍𝐍𝟑𝟑− and H2O2  generation in plasma-treated water NO3− and H2O2, two stable liquid phase reactive oxygen and nitrogen species (RONS), 
can be generated by an electrical discharge in contact with liquids. In this thesis, two 
plasma setups, DBD discharges over water (setup I) and gas bubble discharges in water 
(setup II), were used to generate NO3− and H2O2  in water for the purpose of studying 
their effects on plant seedling growth.  It was shown that setup II produced NO3
-  around 
1.7 times higher than that of setup I for “argon plasma”, and generated H2O2 around 
1.8 times greater for “argon plasma” after four minutes treatment. The setup II was 
94% selective of NO3
-  production for “air plasma”, and 96% selective of H2O2 
production for “argon plasma”. NO3-  in the plasma-treated water was relatively stable 
up to 120 hours, whereas H2O2 was stable up to 48 hours. 
 
In setup II, when argon gas was used, the reactive species generated in the plasma were 
mostly energetic electrons, excited Ar atoms and ions, and UV radiations, which 
directly interact with water resulting in decomposition of water and generation of OH 
radicals. H2O2 is then formed by the recombination of OH radicals either in gas phase 
or in water. Whereas, when air was used, atomic N and O were produced which 
combine in the plasma to form NO in the gas phase. NO was then readily reacted with 
O2 to form NO2, which in water to form NO3−. Higher production of H2O2 for Ar and  NO3− for air in this setup was in good agreement with the observed visible emission 
spectra, which showed high density of O and H species for Ar, and second positive 
band of N2 for air [19]. The increased interface reactions between the gas plasma and 
water through bubbles gave higher productivity and the choice of feed gas enabled 
better selectivity [19]. The selectable and efficient production of the H2O2 and NO3− 
enabled this setup to tailor the processes for specific applications. 
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5.2 Optimization of the gas bubble plasma system (setup II) 
As one of the main objectives of this thesis was to understand the effects of plasma-
treated water, the gas bubble plasma system (setup II) was chosen to optimize its 
plasma parameters for the maximum production of NO3
-  and H2O2 by varying 
treatment time, pulse frequency, electrode gap distance, and gas flow rate. In addition, 
the setup II was investigated for its potential scale-up using three reactor volumes such 
as 100 ml, 250 ml, and 500 ml, as it is of paramount important to treat large quantity 
of water for agricultural use.  
 
Treatment time influenced the production of H2O2 and NO3−. Initially, their 
concentrations increased with increasing treatment time, but decreased at longer 
treatment time (eight minutes). Higher temperature and higher conductivity of the 
plasma-treated water at eight minutes were the reasons for the decreased production. 
The production of H2O2 and NO3− and H2O2 increased with increasing pulse 
frequency, as high frequency is associated with high energy to the plasma system and 
high bubble fragmentation in the plasma discharge. Bubble fragmentation increased 
interface reactions between gas plasma and water, which enabled high production.   
 
Gap distance between two electrodes determined average electric field and number of 
bubbles in the plasma. Therefore, the production of the reactive species was controlled 
by the gap distance. At lower (5 mm) and higher (15 mm) electrode gap, both the 
production was lower. However, the middle gap (10 mm) was found to be most 
productive. These qualitatively can be explained by two processes related to the 
change in the gap. In the case of small gap, the number of bubbles is small also, and 
in spite of plasma formation in all these bubbles, the production H2O2 and NO3− was 
small. At larger gap the number of bubble was large but electric field was decreased 
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and therefore only in few bubbles one obtained plasma generation [76]. The gas flow 
rate greatly influenced the production of H2O2 and NO3− as the gas flow rate 
determined the speed and the number of the gas bubbles in the discharges. 
 
Energy efficiency of a plasma system for generating reactive species is an important 
criteria. The energy efficiency for H2O2 production was around 167 g/kWh, and for NO3− was around 151 g/kWh.  
 
5.3 Plasma-treated water for plant seedling growth 
This thesis presents significant steps towards the understanding water plasma 
treatment and its potential for application in agriculture. Prior to this study, only few 
reports [15-17] were published. The very first study was reported by Takaki et al. [15] 
using an underwater discharge for brassica. Park et al. [16] investigated three different 
types of plasma-treated water, generated by underwater spark discharge, transferred 
arc discharge and gliding arc discharge (plasmatron) on plants such as watermelon, 
zinnia, alfalfa and pole beans. Although this study showed ‘promising’ results for plant 
growth by plasma-treated water, it could have been more systematic. The methodology 
was not clear. For example, root and stem weight was measured but it was not clear 
whether fresh weight or dry weight was measured. It was not mentioned how constant 
temperature for plant growth was maintained as plants were not grown in a growth 
cabinet. The kind of soil used for this study was not mentioned. The pH is an important 
factor for plant growth and plasma water is acidic, but the pH of the soil after adding 
plasma water was not reported. No statistical analysis to quantify the significance of 
any difference was reported.  
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These studies assumed that only the reactive nitrogen species generated in plasma-
treated water were responsible for plant growth. They did not take into account the 
role of H2O2, a very important species for plant growth, also generated in plasma 
water.  They also did not take into consideration the pH of plasma water as they grew 
plants in soil for which pH was unknown. Growing the plants in soil makes it complex 
to understand the exact roles of plasma species for plant growth because the soil could 
have different nutrients and it could be alkaline which would compensate the acidic 
nature of plasma water. 
 
This thesis systematically investigated the effects of plasma-treated water on wheat 
seedling growth using a growth cabinet with control conditions in soil and soil-free 
plant growth system. It was shown that both NO3
-  and H2O2 generated in plasma-
treated water were responsible the seedling growth. In addition, wheat seedlings were 
grown in chemical solutions of NO3
-  and H2O2 to confirm the keys species responsible 
for the seedling growth by plasma-treated water. 
 
5.4 Conclusion 
Water was treated by non-thermal plasmas for wheat seedling growth. It showed that 
the gas bubble plasma system (setup 2) produced NO3
-  around 1.7 times higher than 
DBD over water (setup I) for “argon plasma”, and generated H2O2 around 1.8 times 
greater than setup I for “argon plasma” after four minutes treatment. The setup II was 
94% selective of NO3
-  production for “air plasma”, and 96% selective of H2O2 
production for “argon plasma”. NO3-  in the plasma-treated water was pretty stable up 
to 120 hours, whereas H2O2 was stable up to 48 hours. 
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The gas bubble plasma system was optimized by varying the treatment time, pulse 
frequency, electrode gap distance and gas flow rate for the maximum production of 
NO3
-  and H2O2 to be used for plant growth. The electrode gap of 10 mm, pulse 
frequency of 8 kHz, and gas flow rate of 250 standard cubic centimetre per minute 
(sccm) were found to be the optimum conditions for the maximum production of H2O2 
and NO3
- . The energy efficiency was 167 g/kWh for H2O2 (“argon plasma”), and 151 
g/kWh for NO3
-  (“air plasma”) at 8 kHz, 10 mm gap, and 100 sccm gas flow rate for 
one minute treatment time. The plasma system was scaled-up to the reactor volume of 
500 ml from 100 ml. The ratio of the treatment time and the reactor volume was found 
to be a parameter for the scale-up. The scaling-up of the plasma system would be 
necessary for any application to agriculture. 
 
It has been demonstrated that both “argon plasma” treated water (mainly containing 
H2O2) and “air plasma” treated water (mainly containing NO3−) have positive impacts 
on wheat seedling growth; significantly increasing biomass, leaf length, and the 
relative chlorophyll content of the seedlings both in potting mix and soil-free plant 
growth system. The shoot biomass was increased more for “air plasma” treated water, 
while the root biomass was increased more for “argon plasma” treated water in potting 
mix. The chemical solutions of H2O2 and NO3− matching with the concentrations of 
the H2O2 and NO3− generated in the plasma-treated water also showed similar impact, 
confirming that H2O2 and NO3− produced in the plasma-treated water were mainly 
responsible for enhanced the wheat seedling growth. 
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5.5 Recommendation for future work 
The future work could be as follows: 
(a) Studying the effects of plasma-treated water on wheat yield. In this thesis, only 
seedling growth of wheat was reported. It would be interesting to know whether the 
seedling growth by the plasma-treated water results in increasing the yield of wheat. 
For this to happen, major challenge is the scale-up the plasma system, which could 
supply large quantity of the treated water for longer period of time. 
(b) Understanding the molecular interactions between the plasma reactive species and 
plant growth regulators to elucidate how plasma-treated water actually stimulates plant 
seedling growth.  
(c) Studying the other major crop species such as rice, barley and maize for plasma-
treated water to understand its real impacts on plant growth. 
(d) Scaling-up the liquid plasma system to treat large quantity of water for agricultural 
use. 
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